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Abstract: We quantify the effect of gauge bosons from a weakly coupled lepton flavor de-
pendent U(1)′ interaction on the matter background in the evolution of solar, atmospheric,
reactor and long-baseline accelerator neutrinos in the global analysis of oscillation data.
The analysis is performed for interaction lengths ranging from the Sun-Earth distance to
effective contact neutrino interactions. We survey ∼ 10000 set of models characterized by
the six relevant fermion U(1)′ charges and find that in all cases, constraints on the coupling
and mass of the Z ′ can be derived. We also find that about 5% of the U(1)′ model charges
lead to a viable LMA-D solution but this is only possible in the contact interaction limit. We
explicitly quantify the constraints for a variety of models including U(1)B−3Le , U(1)B−3Lµ ,
U(1)B−3Lτ , U(1)B− 3
2
(Lµ+Lτ )
, U(1)Le−Lµ , U(1)Le−Lτ , U(1)Le− 12 (Lµ+Lτ ). We compare the
constraints imposed by our oscillation analysis with the strongest bounds from fifth force
searches, violation of equivalence principle as well as bounds from scattering experiments
and white dwarf cooling. Our results show that generically, the oscillation analysis im-
proves over the existing bounds from gravity tests for Z ′ lighter than ∼ 10−8 → 10−11 eV
depending on the specific couplings. In the contact interaction limit, we find that for most
models listed above there are values of g′ and MZ′ for which the oscillation analysis pro-
vides constraints beyond those imposed by laboratory experiments. Finally we illustrate
the range of Z ′ and couplings leading to a viable LMA-D solution for two sets of models.
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1 Introduction
Experiments measuring the flavor composition of neutrinos produced in the Sun, in the
Earth’s atmosphere, in nuclear reactors and in particle accelerators have established that
lepton flavor is not conserved in neutrino propagation, but it oscillates with a wavelength
which depends on distance and energy. This demonstrates beyond doubt that neutrinos
are massive and that the mass states are non-trivial admixtures of flavor states [1, 2], see
Ref. [3] for an overview.
When traveling through matter, the flavor evolution of the neutrino ensemble is af-
fected by the difference in the effective potential induced by elastic forward scattering of
neutrino with matter, the so-called Mikheev-Smirnov-Wolfenstein (MSW) mechanism [4, 5].
Within the context of the Standard Model (SM) of particle interactions, this effect is fully
determined and leads to a matter potential which, for neutral matter, is proportional to
the number density of electrons at the neutrino position, V =
√
2GFNe(r), and which only
affects electron neutrinos. New flavor dependent interactions can modify the matter po-
tential and consequently alter the pattern of flavor transitions, thus leaving imprints in the
oscillation data involving neutrinos which have traveled through large regions of matter, as
is the case for solar and atmospheric neutrinos.
Forward elastic scattering takes place in the limit of zero momentum transfer, so as
long as the range of the interaction is shorter than the scale over which the matter density
extends, the effective matter potential can be obtained in the contact interaction approx-
imation between the neutrinos and the matter particles. The paradigmatic example is
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provided by neutral current non-standard interactions (NSI) [4, 6, 7] between neutrinos
and matter (for recent reviews, see [8–11]), which can be parametrized as
LNSI = −2
√
2GF
∑
f,P,α,β
εf,Pαβ (ν¯αγ
µPLνβ)(f¯γµPf) , (1.1)
where GF is the Fermi constant, α, β are flavor indices, P ≡ PL, PR and f is a SM charged
fermion. These operators are expected to arise generically from the exchange of some
mediator state heavy enough for the contact interaction approximation to hold. In this
notation, εf,Pαβ parametrizes the strength of the new interaction with respect to the Fermi
constant, εf,Pαβ ∼ O(GX/GF ). Generically they modify the matter potential in neutrino
propagation, but – being local interactions – the resulting potential is still proportional
to the number density of particles in the medium at the neutrino position. Since such
modifications arise from a coherent effect, oscillation bounds apply even to NSI induced
by ultra light mediators, as long as their interaction length is shorter than the neutrino
oscillation length. For the experiments considered here, such condition is fulfilled as long
as MZ′ & 10−12 eV [12].
Conversely, if the mediator is too light then the contact interaction approximation is no
longer valid, and the flavor dependent forces between neutrino and matter particles become
long-range. In this case neutrino propagation can still be described in terms of a matter
potential, which however is no longer simply determined by the number density of particles
in the medium at the neutrino position, but it depends instead on the average of the matter
density within a radius ∼ 1/MZ′ around it [12–16].
At present, the global analysis of data from oscillation experiments provides some of the
strongest constraints on the size of the NSI affecting neutrino propagation [17–19]. Analysis
of early oscillation data was also used to impose constraints on flavor dependent long-range
forces [12–14].
Straightforward constructions leading to Eq. (1.1) have an extended gauge sector with
an additional U(1)′ symmetry with charge involving some of the lepton flavors and an heavy
enough gauge boson. Conversely if the gauge boson is light enough a long range force will
be generated. Thus the analysis of neutrino oscillation data can shed light on the valid
range of Z ′ mass and coupling in both regimes. Following this approach, the marginalized
bounds on the NSI coefficients derived from the global analysis of oscillations in presence
of NSI performed in Ref. [19] were adapted to place constraints on the coupling and mass
of the new gauge boson both in the NSI limit [20] and in the long-range regime [16] for
several U(1)′ flavor symmetries. However, strictly speaking, the bounds derived in Ref. [19]
cannot be directly used to constraint the U(1)′ scenarios because in the latter case only flavor
diagonal interactions (and only some of them depending on the U(1)′ charge) are generated,
while the bounds derived in Ref. [19] were obtained in the most general parameter space
with all relevant four-fermion interactions (flavor conserving and flavor changing) being
simultaneously non-vanishing. In order to derive statistically consistent bounds on each
U(1)′ scenario a dedicated analysis has to be performed in its reduced parameter space.
With this motivation, in this work we perform such dedicated global analysis of os-
cillation data in the framework of lepton flavor dependent U(1)′ interactions which affect
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the neutrino evolution in matter, with interaction lengths ranging from the Sun-Earth dis-
tance to effective contact neutrino interactions. In Sec. 2 we describe the models which
will be studied and derive the matter potential generated both in the contact interaction
limit (in Sec. 2.1) and in the case of finite interaction range (in Sec. 2.2) as a function of
the U(1)′ charges. The results of the global analysis are presented in Sec. 3. In particular
the bounds imposed by the analysis and how they compare with those from other experi-
ments are presented in Sec. 3.1. An additional consideration that we take into account is
that in the presence of NSI a degeneracy exists in oscillation data, leading to the so called
LMA-Dark (LMA-D) [21] solution first observed in solar neutrinos, where for suitable NSI
the data can be explained by a mixing angle θ12 in the second octant. For this new so-
lution to appear the new interactions must be such that the matter potential difference
for electron neutrinos reverses its sign with respect to that in the SM. It is not trivial to
generate such large effects without conflicting with bounds from other experiments, though
models with light mediators (i.e., below the electroweak scale) have been proposed as viable
candidates [9, 10, 22–25]. Section 3.2 contains our findings on viable models for LMA-D.
We summarize our conclusions in Sec. 4. We present some details of the translation of the
bounds from some experiments to the models studied in an appendix.
2 Formalism
We are going to focus on U(1)′ models which can be tested in neutrino oscillation exper-
iments via its contribution to the matter potential. As a start this requires that the new
gauge boson couples to the fermions of the first generation.
An important issue when enlarging the Standard Model with a new U(1)′ gauge group
is the possibility of mixing between the three neutral gauge bosons of the model which can,
in general, be induced in either kinetic or mass terms. While kinetic mixing is fairly generic
as it can be generated at the loop level with the SM particle contents, matter mixing is
model dependent as it requires an extended scalar sector with a vacuum expectation value
charged both under the SM and the U(1)′. In what respects the effect of the new U(1)′
in oscillation experiments an important observation is that if the new interaction does not
couple directly to fermions of the first generation, no matter effects can be generated by
kinetic mixing [20]. Thus neglecting mixing effects yields the most model independent and
conservative bounds from neutrino oscillation results. So in what follows we are going
to work under the assumption that the Z ′ mixing with SM gauge bosons can be safely
neglected.
In addition we notice that only vector interactions contribute to the matter potential in
neutrino propagation. Altogether the part of the U(1)′ Lagrangian relevant for propagation
in ordinary matter has the most general form
LmatterZ′ = −g′
(
au u¯γ
αu+ ad d¯γ
αd+ ae e¯γ
αe
+ be ν¯eγ
αPLνe + bµ ν¯µγ
αPLνµ + bτ ν¯τγ
αPLντ
)
Z ′α (2.1)
with arbitrary charges au,d,e and be,µ,τ .
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Model au ad ae be bµ bτ
B − 3Le 13 13 −3 −3 0 0
B − 3Lµ 13 13 0 0 −3 0
B − 3Lτ 13 13 0 0 0 −3
B − 32(Lµ + Lτ ) 13 13 0 0 −32 −32
Le − Lµ 0 0 1 1 −1 0
Le − Lτ 0 0 1 1 0 −1
Le − 12(Lµ + Lτ ) 0 0 1 1 −12 −12
Ref. [22] 13
1
3 0 0 1 1
Le + 2Lµ + 2Lτ 0 0 1 1 2 2
Table 1. Relevant charges for the matter effects in neutrino oscillation experiments corresponding
to a selection of models studied in the literature.
These charges can be accommodated in generalized anomaly free UV-complete models
including only the SM particles plus right-handed neutrinos [26]. If, in addition, one requires
all couplings to be vector-like and the quark couplings to be generation independent, the
condition of anomaly cancellation for models with only SM plus right handed neutrinos
imposes constrains over the six charges above and one ends with a subclass of models
characterized by three independent charges which can be chosen to be, for example, B−L,
(Lµ − Lτ ), and (Lµ − Le) [20]:
cbl(B − L) + cµτ (Lµ − Lτ ) + cµe(Lµ − Le) , (2.2)
so au = ad = cbl/3, ae = be = −(cbl+cµe), bµ = −cbl+cµe+cµτ , and bτ = −(cbl+cµτ ). For
convenience, in table 1 we list the charges corresponding to some of the models discussed
in the literature.
In general, the evolution of the neutrino and antineutrino flavor state during propaga-
tion is governed by the Hamiltonian:
Hν = Hvac +Hmat and H ν¯ = (Hvac −Hmat)∗ , (2.3)
where Hvac is the vacuum part which in the flavor basis (νe, νµ, ντ ) reads
Hvac = UvacDvacU
†
vac with Dvac =
1
2Eν
diag(0,∆m221,∆m
2
31) . (2.4)
Here Uvac denotes the three-lepton mixing matrix in vacuum [1, 27, 28]. Following the
convention of Ref. [29], we define Uvac = R23(θ23)R13(θ13)R˜12(θ12, δCP), where Rij(θij) is a
rotation of angle θij in the ij plane and R˜12(θ12, δCP) is a complex rotation by angle θ12
and phase δCP.
Concerning the matter partHmat of the Hamiltonian generated by the SM together with
the U(1)′ interactions in (2.1), its form depends on the new interaction length determined
by the Z ′ mass as we discuss next.
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2.1 The large (MZ′ & 10−12 eV) MZ′ limit: the NSI regime
In the limit of largeMZ′ , the Z ′ field can be integrated out from the spectrum and Eq. (2.1)
generate effective dimension-six four-fermion interactions leading to Neutral Current NSI
between neutrinos and matter which are usually parametrized in the form of Eq. (1.1). The
coefficients εf,Pαβ parametrizes the strength of the new interaction with respect to the Fermi
constant, with
εf,Lαβ = ε
f,R
αβ = δαβ
1
2
√
2GF
g′2
M2Z′
af bα ≡ δαβ 1
2
af bα ε
0 (2.5)
where we have introduced the notation
ε0 ≡ 1√
2GF
g′2
M2Z′
(2.6)
As it is well known, only vector NSI contribute to the matter potential in neutrino oscil-
lations. It is therefore convenient to define the parameters relevant for neutrino oscillation
experiments as:
εfαβ ≡ εf,Lαβ + εf,Rαβ = δαβ af bα ε0 . (2.7)
These interactions lead to a flavour diagonal modification of the matter potential
Hmat =
√
2GFNe(~x)
1 + Eee(~x) 0 00 Eµµ(~x) 0
0 0 Eττ (~x)
 (2.8)
where the “+1” term in the ee entry accounts for the standard contribution, and
Eαα(~x) =
∑
f=e,u,d
Nf (~x)
Ne(~x)
εfαα (2.9)
describes the non-standard part. Here Nf (~x) is the number density of fermion f at the
position ~x along the neutrino trajectory. In Eq. (2.9) we have limited the sum to the
charged fermions present in ordinary matter, f = e, u, d. Taking into account that Nu(~x) =
2Np(~x) + Nn(~x) and Nd(~x) = Np(~x) + 2Nn(~x), and also that matter neutrality implies
Np(~x) = Ne(~x), Eq. (2.9) becomes:
Eαα(~x) =
(
εeαα + ε
p
αα
)
+ Yn(~x)ε
n
αα with Yn(~x) ≡
Nn(~x)
Ne(~x)
(2.10)
where
εpαα ≡ 2εuαα + εdαα = ap bα ε0 , εnαα ≡ 2εdαα + εuαα = an bα ε0 . (2.11)
and we have introduced the proton and neutron Z ′ couplings
ap ≡ 2au + ad , an ≡ 2ad + au . (2.12)
As discussed in Ref. [17], in the Earth the neutron/proton ratio Yn(~x) which characterize
the matter chemical composition can be taken to be constant to very good approximation.
The PREM model [30] fixes Yn = 1.012 in the Mantle and Yn = 1.137 in the Core, with an
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average value Y ⊕n = 1.051 all over the Earth. Setting therefore Yn(~x) ≡ Y ⊕n in Eqs. (2.9)
and (2.10) we get Eαα(~x) ≡ ε⊕αα with:
ε⊕αα = ε
e
αα +
(
2 + Y ⊕n
)
εuαα +
(
1 + 2Y ⊕n
)
εdαα =
(
εeαα + ε
p
αα
)
+ Y ⊕n ε
n
αα
=
[
(ae + ap) + Y
⊕
n an
]
bα ε
0 .
(2.13)
For what concerns the study of propagation of solar and KamLAND neutrinos one can
work in the one mass dominance approximation, ∆m231 →∞ (which effectively means that
GFNe(~x)Eαα(~x)  ∆m231/Eν). In this approximation the survival probability Pee can be
written as [31, 32]
Pee = c
4
13Peff + s
4
13 (2.14)
The probability Peff can be calculated in an effective 2× 2 model described by the Hamil-
tonian Heff = Heffvac +Heffmat,SM +H
eff
mat,Z′ , with:
Heffvac =
∆m221
4Eν
(
− cos 2θ12 sin 2θ12 eiδCP
sin 2θ12 e
−iδCP cos 2θ12
)
, (2.15)
Heffmat,SM =
√
2GFNe(~x)
(
c213 0
0 0
)
(2.16)
and
Heffmat,Z’ =
√
2GFNe(~x) ε
0
[
ae + ap + Yn(~x)an
](−bD bN
bN bD
)
(2.17)
where
bD = −c
2
13
2
(be − bµ) + s
2
23 − s213c223
2
(bτ − bµ) , (2.18)
bN = s13c23s23 (bτ − bµ) . (2.19)
Following Ref. [19] we can rewrite the Z ′ contribution as:
Heffmat,Z’ =
√
2GFNe(~x)
[
cos η + Yn(~x) sin η
](−εηD εηN
εηN ε
η
D
)
, (2.20)
where the angle η parametrizes the ratio of the charges of the matter particles as:
cos η =
ae + ap√
(ae + ap)2 + a2n
, sin η =
an√
(ae + ap)2 + a2n
, (2.21)
and
εηD,N =
√
(ae + ap)2 + a2n bD,N ε
0 . (2.22)
The neutrino oscillation phenomenology in this regime reduces to a special subclass
of the general NSI interactions analyzed in Ref. [19].1 In particular, as a consequence of
1To be precise, the data analysis performed in Ref. [19] was restricted to NSI with quarks, ie ae = 0.
The formalism for matter effects can be trivially extended to NSI coupled to electrons as shown above.
However, NSI coupled to electrons would affect not only neutrino propagation in matter as described, but
also the neutrino-electron (ES) scattering cross-section in experiments such as SK, SNO and Borexino. In
order to keep the analysis manageable, in Ref. [19], and in what follows, the NSI corrections to the ES
scattering cross section in SK, SNO, and Borexino are neglected. In the absence of cancellations between
propagation and interaction effects this renders the results of the oscillation analysis conservative.
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the CPT symmetry (see also Refs. [17, 18, 29] for a discussion in the context of NSI) the
neutrino evolution is invariant if the relevant Hamiltonian is transformed as H → −H∗. In
vacuum this transformation can be realized by changing the oscillation parameters as
∆m231 → −∆m231 + ∆m221 = −∆m232 ,
θ12 → pi − θ12 ,
δCP → pi − δCP ,
(2.23)
where δCP is the leptonic Dirac CP phase, and we are using here the parameterization
conventions from Refs. [19, 29]. The symmetry is broken by the standard matter effect,
which allows a determination of the octant of θ12 and (in principle) of the sign of ∆m231.
However, in the presence of the Z ′-induced NSI, the symmetry can be restored if in addition
to the transformation Eq. (2.23), the Eαα(~x) terms can be transformed as [18, 29, 33][Eee(~x)− Eµµ(~x)]→ −[Eee(~x)− Eµµ(~x)]− 2 ,[Eττ (~x)− Eµµ(~x)]→ −[Eττ (~x)− Eµµ(~x)] . (2.24)
Eq. (2.23) shows that this degeneracy implies a change in the octant of θ12 (as manifest in the
LMA-D fit to solar neutrino data [21]) as well as a change in the neutrino mass ordering, i.e.,
the sign of ∆m231. For that reason it has been called “generalized mass ordering degeneracy”
in Ref. [29]. Because of the position dependence of the NSI hamiltonian described by Eαα(~x)
this degeneracy is only approximate, mostly due to the non-trivial neutron/proton ratio
along the neutrino path inside the Sun. In what follows when marginalizing over θ12 we
consider two distinct parts of the parameter space: one with θ12 < 45◦, which we denote as
LIGHT, and one with θ12 > 45◦, which we denote by DARK.
Apart from the appearance of this degenerate solution, another feature to consider
in the global analysis of oscillation data in presence of NSI is the possibility to further
improve the quality of the fit with respect to that of standard 3ν oscillations in the LIGHT
sector. Till recently this was indeed the case because for the last decade the value of ∆m221
preferred by KamLAND was somewhat higher than the one from solar experiments. This
tension appeared due to a combination of two effects: the fact that the 8B measurements
performed by SNO, SK and Borexino showed no evidence of the low energy spectrum turn-
up expected in the standard LMA-MSW [4, 5] solution for the value of ∆m221 favored by
KamLAND, and the observation of a non-vanishing day-night asymmetry in SK, whose size
was larger than the one predicted for the ∆m221 value indicated by KamLAND. With the
data included in the analysis in Ref. [19, 34] this resulted into a tension of ∆χ2 ∼ 7.4 for
the standard 3ν oscillations. Such tension could be alleviated in presence of a non-standard
matter potential, thus leading to a possible decrease in the minimum χ2. However, with
the latest 2970-days SK4 results presented at the Neutrino2020 conference [35] in the form
of total energy spectrum and updated day-night asymmetry, the tension between the best
fit ∆m221 of KamLAND and that of the solar results has decreased. Currently they are
compatible within 1.1σ in the latest global analysis [36].
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2.2 The finite MZ′ case: the long-range interaction regime
IfMZ′ is very light the four-fermion contact interaction approximation in Eq. (1.1) does not
hold and the potential encountered by the neutrino in its trajectory depends on the integral
of the source density within a radius ∼ 1/MZ′ around it. However, following Ref. [12] the
generalized matter potential can still be written as Eq. (2.8) provided that Eq. (2.9) is
modified as:
Eαα(~x) =
∑
f=e,u,d
Nˆf (~x,MZ′)
Ne(~x)
εfαα (2.25)
where
Nˆf (~x,MZ′) ≡ 4pi
M2Z′
∫
Nf (~ρ)
e−MZ′ |~ρ−~x|
|~ρ− ~x| d
3~ρ . (2.26)
Taking into account that ordinary matter is neutral and only contains f = e, u, d, we can
rewrite Eq. (2.25) in a way that generalizes Eq. (2.10):
Eαα(~x) = Fe(~x,MZ′)
(
εeαα + ε
p
αα
)
+ Fn(~x,MZ′)Yn(~x)ε
n
αα
with Fi(~x,MZ′) ≡ Nˆi(~x,MZ
′)
Ni(~x)
and i ∈ {e, n} . (2.27)
For what concerns neutrinos traveling inside the Sun, the propagation effects induced by the
new interactions are completely dominated by the solar matter distribution. Denoting by
~x the center of the Sun and accounting for the spherical symmetry of the matter potential
we can write:
Fi(~x,MZ′) ' Fi (|~x− ~x|,MZ′)
with Fi (r,MZ′) =
1
Ni (r)
· MZ′
2 r
∫ R
0
ρNi (ρ)
[
e−MZ′ |ρ−r| − e−MZ′ (ρ+r)] dρ . (2.28)
A similar formula can be derived for neutrinos traveling inside the Earth, but in this case
the effective potential has an extra term induced by the Sun matter density. Concretely,
denoting by ~x⊕ the center of the Earth and by X	 = |~x−~x⊕| the Sun-Earth distance, we
have:
Fi(~x,MZ′) ' F⊕i (|~x− ~x⊕|,MZ′)
with F⊕i (r,MZ′) =
1
N⊕i (r)
MZ′
{
1
2 r
∫ R⊕
0
ρN⊕i (ρ)
[
e−MZ′ |ρ−r| − e−MZ′ (ρ+r)] dρ
+
e−MZ′X	
X	
∫ R
0
ρNi (ρ) sinh(ρMZ′) dρ
}
. (2.29)
The solar-induced contribution becomes non-negligible when the range of the interactions,
1
/
MZ′ , is comparable or larger than the Sun-Earth distance X	.
The factors Fi (r,MZ′) and F
⊕
i (r,MZ′) represent the modification of the matter po-
tential due to the finite range of the interaction mediated by the Z ′ with respect to that
obtained in the contact interaction limit. Such limit is recovered when the range of the new
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interactions become shorter than the typical size of the matter distribution, i.e., R(⊕).
Hence:
F
(⊕)
i (r,MZ′)→ 1 for MZ′  1/R(⊕) . (2.30)
For solar neutrinos further simplification follows if one takes into account that for adiabatic
transitions the dominant matter effects is generated by the potential at the neutrino pro-
duction point which is is close to the Sun center. So to a very good approximation one can
scale the contact interaction potential with a position independent factor Fi (0,MZ′). For
the Earth matter potential the position dependence of the factor F⊕i (r,MZ′) is very weak
in the current experiments, so one can also scale the contact interaction potential with an
approximate F⊕i (r¯,MZ′) evaluated at a fix r¯ which we take to be also r¯ = 0.
In Fig. 1 we plot these scale factors F(⊕)e (0,MZ′). As seen in the figure for MZ′ .
10−13 eV the matter potential in the Earth is more suppressed with respect to that in the
Sun. In principle, this opens the possibility of configurations for which the U(1)′-induced
matter potential in the Sun is large enough without conflicting with bounds imposed by
atmospheric and long-baseline experiments. This also implies that in the combined analysis
of solar and KamLAND data, for a given value ofMZ′ , the effective matter potential for solar
neutrinos will be suppressed by a different factor than that for KamLAND antineutrinos. To
illustrate the overallMZ′ dependence of the effect we show in Fig. 1 the effective suppression
factor in the combined solar+KamLAND analysis calculated by scaling the results obtained
for a specific model (concretely, for a Z ′ coupled to Le −Lµ, but the results are similar for
models with other couplings) for each MZ′ to those obtained in the large MZ′ regime. As
seen in the figure for MZ′ & 10−10 eV both the effective potential in the Solar+KamLAND
analysis and the Earth matter potential relevant for atmospheric and LBL neutrinos are
well within the contact interaction regime. Conversely for MZ′ . 10−13 eV all the matter
potentials in the analysis show deviations from the contact interaction regime.
Concerning the phenomenology of neutrino oscillations in the presence of the modified
matter potential in this long-range interaction regime, the main difference with the NSI
contact interaction case is the impossibility of realizing the “generalized mass ordering
degeneracy” in Eqs. (2.23) and (2.24) because of the very different ~x dependence of the SM
matter potential and the one generated by the Z ′. In other words, one cannot “flip the
sign of the matter hamiltonian” by adding to the standard Ne(x) something which has a
completely different ~x profile. Hence, there is no LMA-D solution for these models. On
the other hand, it is still possible, at least in principle, that a long-range potential leads
to an improvement on the fit to solar and KamLAND data with respect to the pure LMA
solution.
3 Results of the global oscillation analysis
We have performed a global fit to neutrino oscillation data in the framework of 3ν massive
neutrinos with new neutrino-matter interactions generated by U(1)′ models and character-
ized by the Lagrangian in Eq. (2.1). For the detailed description of methodology and data
included we refer to the comprehensive global fit in Ref. [19] performed in the framework of
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Figure 1. Effective suppression factor of the matter potential due to the long range of the U(1)′
interactions as a function of MZ′ . The red (blue) curve corresponds to the potential in the Sun
(Earth). The purple line corresponds to the effective combined suppression factor in the analysis
of Solar+KamLAND data (see text for details).
three-flavor oscillations plus NSI. In addition in the present analysis we account for the lat-
est LBL data samples included in NuFIT-5.0 [36] which includes the previously cited solar
neutrinos 2970-days SK4 results [35], the updated medium baseline reactor samples from
RENO [37] and Double Chooz [38], and the latest long-baseline samples from T2K [39] and
NOνA [40]. Notice that in order to keep the fit manageable we proceed as in in Ref. [19]
and restrict ourselves to the CP-conserving case and set δCP ∈ {0, pi}. Consequently the
T2K and NOνA appearance data (which exhibit substantial dependence on the leptonic
CP phase) are not included in the fit. With these data we construct a global χ2 function:
χ2OSC+Z’(g
′,MZ′ |~ω) (3.1)
for each Z ′ model. In general each model belongs to a family characterized by a set of U(1)′
charges; for each family χ2OSC+Z’ depends on the two variables parametrizing the new inter-
action, g′ andMZ′ , plus the six oscillation parameters ~ω ≡ (∆m221,∆m231, θ12, θ13, θ23, δCP).
Following the discussion in Sec. 2, we have performed the analysis in two physically
distinctive domains of MZ′ :
• NSI Domain (DOM=NSI): In this case, the range of the induced non-standard inter-
actions in both the Sun and the Earth matter is short enough for the four-fermion
effective description to hold. As seen in Fig. 1 this happens for MZ′ & 10−10 eV.
In this regime a possible conflict with the cosmological bound on ∆Neff may appear
because of the contribution of either the Z ′ itself (if lighter than all active neutrinos)
or by the extra contribution to the neutrino density produced by the Z ′ decay (if
heavier than some ν mass eigenstate). These bounds can be evaded in two distinct
ranges of the U(1)′ interactions:
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– MZ′ & 5 MeV for which the contribution to the neutrino energy density due to
the decay of the Z ′ into neutrinos is sufficiently suppressed by the Boltzmann
factor ∼ exp(−MZ′/T ) [41];
– MZ′ . O(eV) but with very weak coupling g′ < 10−10 for which the Z ′ is
produced through freeze-in. In this regime, even if Z ′ could decay to the lightest
neutrinos this would happen after neutrino decoupling making the contribution
to ∆Neff negligible or at most within the present allowed range [42].
• Long-Range Domain (DOM=LRI): If MZ′ . 10−13 eV interactions in the Earth and
Sun matter are long range, and for a given value of g′ andMZ′ the effects in the Earth
are suppressed with respect to those in the Sun. As mentioned above, for g′ < 10−10
the contribution to ∆Neff is negligible.
Correspondingly we define
χ2OSC+Z’,DOM(g
′,MZ′ |~ω) ≡ χ2OSC+Z’(g′,MZ′ ∈ DOM|~ω) (3.2)
In both domains we compare the results of the fit including the new U(1)′ interaction with
those obtained in the “standard” 3ν-mixing scenario, which we will denote as “OSC”, and
for which the present global fit yields
χ2OSC,min = 718.5 . (3.3)
We will classify the models according to the quality of the fit in the presence of the
U(1)′ interactions compared with that of OSC by defining
∆χ2LIGHT,DOM(g
′,MZ′) ≡ χ2OSC+Z’,DOM(g′,MZ′ |~ω)
∣∣
marg,LIGHT − χ2OSC,min , (3.4)
where by |marg,LIGHT we imply that the minimization over the oscillation parameters is
done in the LIGHT sector of parameter space. In addition the presence of a viable LMA-D
solution can be quantified in terms of
∆χ2DARK,DOM(g
′,MZ′) ≡ χ2OSC+Z’,DOM(g′,MZ′ |~ω)
∣∣
marg, DARK − χ2OSC,min , (3.5)
where by |marg,DARK we imply that the minimization over the oscillation parameters is done
in the DARK sector.
We have surveyed the model space by performing the global oscillation analysis for a
grid of U(1)′ interactions characterized by the six couplings au,d ∈ {−1, 0, 1} and ae, be,µ,τ ∈
{−3,−2,−1, 0, 1, 2, 3}. In this way our survey covers a total of ∼ 10000 different sets
of U(1)′ charges which can produce effects in matter propagation in neutrino oscillation
experiments.
3.1 Bounds
We first search for models for which in the LIGHT sector the new interactions lead to a
significantly better fit of the oscillation data compared to pure oscillations for some value
of g′ and MZ′ . We find that in the NSI (LRI) domain 88% (90%) of the surveyed sets of
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Model (∆χ2LIGHT,LRI)min g
′ ≤ bound
B − 3Le −1.4 6.6× 10−27
B − 3Lµ −1.1 7.0× 10−27
B − 3Lτ −1.8 7.3× 10−27
B − 32(Lµ + Lτ ) −1.2 7.2× 10−27
Le − Lµ −1.3 9.7× 10−27
Le − Lτ −1.7 1.0× 10−26
Le − 12(Lµ + Lτ ) −1.4 9.8× 10−27
Ref. [22] 0 4.9× 10−27
Le + 2Lµ + 2Lτ 0 6.0× 10−27
Table 2. Results for the models with charges in table 1 in the LRI regime. The second column
gives minimum ∆χ2 defined w.r.t. the 3ν oscillation (see Eq. (3.4)). The last column gives the the
upper bound for the coupling of asymptotically for ultra light mediators, MZ′ . 10−15 eV
charges lead to a decrease in the χ2 of the global analysis when compared to the standard
oscillation case. The percentages grow to 100% when restricting to the subclass of anomaly
free vector Z ′ models with gauging of SM global symmetries with SM plus right-handed
neutrinos matter content of Eq. (2.2). However the improvement in the quality of the fit is
never statistically significant. As an illustration we show in the second column of tables 2
and 3 the minimum values of ∆χ2LIGHT,DOM for U(1)
′ interactions characterized by the
specific set of charges in table 1. Comparing the two tables we notice that for some of the
cases the fit can be slightly better in the LRI domain than in the NSI domain but still
below the 2σ level.
Quantitatively we find that in the NSI regime none of the surveyed models yields an
improvement beyond -1.9 units of χ2. This is the case, for example, of a Z ′ coupled to
B − 3Le + 2Lµ + 3Lτ . Generically models in the LRI domain can provide a better fit with
a reduction of up to 3.5 units of χ2. For example a model with charge Le + 2Lµ − 3Lτ
and a Z ′ with MZ′ ∼ 5 × 10−15 eV provides a better fit than standard oscillations by
(∆χ2LIGHT,LRI)min = −3.2.
But in summary, our analysis shows that none of the set of charges surveyed in
both NSI or LRI domains improved over standard oscillations at the 2σ level, this is
ming′,MZ′ (∆χ
2
LIGHT,DOM) was always larger than −4. 2. Consequently for all models sur-
veyed one can conclude that the analysis of neutrino oscillation experiments show no sig-
nificant evidence of U(1)′ interactions. Consequently one can exclude models at a certain
confidence level – which we have chosen to be 95.45% – by verifying that their global fit is
worse than in OSC by the corresponding units of χ2 (4 units for 95.45% CL), this is:
∆χ2LIGHT,DOM(g
′,MZ′) > 4. (3.6)
2We notice that before the new results from Super-Kamiokande [35] there were models which could
improve the mismatch between the best fit ∆m221 in Solar and KamLAND. For such models, one could find
values of g′ and MZ′ for which the fit was better than standard oscillations by more than 4 units of χ2.
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Model (∆χ2LIGHT,NSI)min g
′ ≤ bound
(
MZ′
100 MeV
)
B − 3Le −1.4 2.0× 10−4
B − 3Lµ 0 4.6× 10−5
B − 3Lτ −0.6 4.7× 10−5
B − 32(Lµ + Lτ ) −1.1 2.2× 10−4
Le − Lµ −1.3 1.2× 10−4
Le − Lτ −1.0 1.2× 10−4
Le − 12(Lµ + Lτ ) −1.3 3.0× 10−4
Ref. [22] 0 1.5× 10−4
Le + 2Lµ + 2Lτ −0.1 1.8× 10−4
Table 3. Results for the models with charges in table 1 in the NSI regime. The second column
gives minimum ∆χ2 defined w.r.t. the 3ν oscillation (see Eq. (3.4)). The last column gives the
coefficient of the bound on the coupling over the mediator mass in units of 100 MeV.
Let us stress that with the above condition we are not “deriving two-dimensional excluded
regions in the parameter space”, but we are instead determining the values of g′ andMZ′ for
which the U(1)′ model characterized by such interaction strength and interaction length,
gives a fit which is worse than standard oscillations by at least 4 units of χ2. As in
the LIGHT sector the standard model is recovered for either g′ → 0 or MZ′ → ∞, the
above condition yields also the 2σ excluded one-dimensional upper range of interaction
coupling g′ for each value of the interaction length (or, correspondingly, the 2σ excluded
one-dimensional lower range ofMZ′ for each value of the interaction coupling), for all models
characterized by a given set of charges.
The corresponding excluded ranges for the Z ′ coupling and mass for the models with
couplings listed in table 1 are shown in Figs. 2 and 3 for MZ′ below 1 eV and in the
O(MeV–GeV) range, respectively3 – i.e., below and above the window strongly disfavored by
the cosmological bound on ∆Neff. In particular in Fig. 2 we observe the slope change of the
oscillation exclusion ranges for masses MZ′ ∼ 10−15–10−13 GeV, for which the interaction
length is longer than the Earth and Sun radius and the matter potential in the Earth and
in the Sun becomes saturated (see Fig. 1). Quantitatively, for the models with charges in
table 1 we find that in the LRI domain the analysis of oscillation data yields the upper
bound for the coupling of asymptotically ultra light mediators, MZ′ . 10−15 eV which we
list in table 2. For the sake of comparison, we also show in Fig. 2 the bounds on these
models imposed by gravitational fifth force searches, and by equivalence principle tests.
Those are the strongest constraints in the shown range of Z ′ mass and coupling. The
bounds imposed by gravitational fifth force searches were obtained by rescaling the results
shown in Ref. [43] (which, in turn, were recasted from Ref. [44]). Limits from equivalence
principle tests are obtained rescaling the results from Ref. [45]. Details of the rescaling of
the published bounds applied for the specific models can be found in the Appendix. It is
3Tables with the numerical values of the bounds can be provided upon request to the authors.
– 13 –
10
−2
6
10
−2
4
10
−2
2
10
−2
0
10
−1
8
10
−1
6
10
−1
4
g
′
B
−
3L
e
10−2
6
10−2
4
10−2
2
10−2
0
10−1
8
10−1
6
10−1
4
B
−
3L
µ
10−2
6
10−2
4
10−2
2
10−2
0
10−1
8
10−1
6
10−1
4
B
−
3L
τ
5t
h
fo
rc
e
E
q.
pr
in
c.
10
−2
6
10
−2
4
10
−2
2
10
−2
0
10
−1
8
10
−1
6
10
−1
4
g
′
B
−
3 2
(L
µ
+
L
τ
)
10−2
6
10−2
4
10−2
2
10−2
0
10−1
8
10−1
6
10−1
4
L
e
−
L
µ
10−2
6
10−2
4
10−2
2
10−2
0
10−1
8
10−1
6
10−1
4
L
e
−
L
τ
O
SC
(T
hi
s
w
or
k)
10
−1
8
10
−1
5
10
−1
2
10
−9
10
−6
10
−3
M
Z
′
(e
V
)
10
−2
6
10
−2
4
10
−2
2
10
−2
0
10
−1
8
10
−1
6
10
−1
4
g
′
L
e
−
1 2
(L
µ
+
L
τ
)
10
−1
8
10
−1
5
10
−1
2
10
−9
10
−6
10
−3
M
Z
′
(e
V
)
10−2
6
10−2
4
10−2
2
10−2
0
10−1
8
10−1
6
10−1
4
ar
X
iv
:1
50
5.
06
90
6
10
−1
8
10
−1
5
10
−1
2
10
−9
10
−6
10
−3
M
Z
′
(e
V
)
10−2
6
10−2
4
10−2
2
10−2
0
10−1
8
10−1
6
10−1
4
L
e
+
2L
µ
+
2L
τ
Figure 2. Values of g′ and MZ′ ≤ O(eV) for which a U(1)′ model coupled to the charges labeled
in each panel gives a worse fit than standard oscillation by 2σ, Eq. (3.6) (hatched region). Also
show in the figure the bounds on these models imposed by gravitational fifth force searches [43, 44]
and by equivalence principle tests [45]. See text for details.
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important to notice that these exclusion regions obtained by recasting the boundaries of the
published regions may not correspond to the statistical condition we employed, Eq. (3.6).
So the comparison has to be taken with a pinch of salt. Still, from the figures we see that,
generically, for all models shown the oscillation analysis improves over the existing bounds
for Z ′ lighter than ∼ 10−8 eV or ∼ 10−11 eV depending on whether the U(1)′ current
involves coupling to electron lepton number.
Conversely the results shown in Fig. 3 forMZ′ in the O(MeV–GeV) range correspond to
U(1)′ effects in oscillation experiments always in the NSI domain. In this case, the analysis
of oscillation data results in a bound on g′ which scales as the inverse of the mediator mass
with coefficients which we list in table 3. For the sake of comparison, we also show in Fig. 3
a compilation of the most relevant experimental bounds on these U(1)′ models. These
include constraints from electron and proton fixed target experiments, neutrino electron
elastic scattering, coherent neutrino nucleus elastic scattering, white dwarf cooling and
collider constraints. Appendix A contains all relevant details on the derivation of these
bounds.
As seen in Fig. 3 for most models there are values of g′ and MZ′ which are only
constrained by the oscillation analysis. This is particularly the case for U(1)′ couplings to
B − 3Lµ, and the model in Ref. [22] for which the only other bound applying in the shown
range of g′ and MZ′ is the one from BaBar. Finally for a Z ′ coupled to B − 3Lτ we have
found no competitive bound from other experiments in the shown window (for bounds from
other experiments relevant for larger couplings see for example Refs. [20, 46]).
3.2 Models for LMA-D
A subset of models can lead to a best fit in the DARK sector or at least with LMA-D within
4 units of χ2 with respect to the standard OSC solution,
∆χ2DARK,DOM(g
′,MZ′) < 4 . (3.7)
As discussed in Sec. 2.2 this can only happen in the NSI domain. In our survey we have
found that 4.8% of the set of charges studied can have a best fit in LMA-D, and 5.2%
lead to LMA-D verifying Eq. (3.7). However none of these set of charges correspond to the
subclass of anomaly free vector Z ′ models with gauging of SM global symmetries with SM
plus right-handed neutrinos matter content (Eq. (2.2)).
In particular for the first seven set of models in table 1 the LMA-D solutions lies at
more than 5σ from the standard oscillation fit. On the contrary the models in the last two
lines yield a viable LMA-D solution The first one was proposed in Ref. [22] precisely as
a viable model for LMA-D. Indeed in this case we find (∆χ2DARK,NSI)min = 1.2, which is
within 4 units of χ2 from the pure oscillation result but the best fit for this model charges
still lies within the LIGHT sector. We also show the results for a U(1)′ model coupled to
Le+2Lµ+2Lτ for which we find that the best fit is LMA-D with (∆χ2DARK,NSI)min = −1.3.
In Fig. 4 we plot as black bands the range of coupling and masses for these two set
of charges verifying the condition (3.7), together with the compilation of relevant bounds
from other experiments.
– 15 –
10
−6
10
−5
10
−4
10
−3
g
′
B
−
3L
e
C
H
A
R
M
L
SN
D
K
E
K
-P
F
-0
00
W
hi
te
D
w
ar
ve
s
E
13
7
ν
C
A
L
E
14
1
E
77
4
O
rs
ay
B
aB
ar
(v
is
.)
C
O
H
E
R
E
N
T
T
E
X
O
N
O
G
E
M
M
A
10−610−510−410−3
B
−
3L
µ
L
H
C
b
(p
ro
m
pt
)
10−610−510−410−3
B
−
3L
τ
O
SC
(T
hi
s
w
or
k)
10
−6
10
−5
10
−4
10
−3
g
′
B
−
3 2
(L
µ
+
L
τ
)
10−610−510−410−3
L
e
−
L
µ
10−610−510−410−3
L
e
−
L
τ
10
−2
10
−1
10
0
10
1
M
Z
′
(G
eV
)
10
−6
10
−5
10
−4
10
−3
g
′
L
e
−
1 2
(L
µ
+
L
τ
)
10
−2
10
−1
10
0
10
1
M
Z
′
(G
eV
)
10−610−510−410−3
ar
X
iv
:1
50
5.
06
90
6
10
−2
10
−1
10
0
10
1
M
Z
′
(G
eV
)
10−610−510−410−3
L
e
+
2L
µ
+
2L
τ
Figure 3. Values of g′ and 5 MeV ≤MZ′ ≤ 10 GeV for which a U(1)′ model coupled to the charges
labeled in each panel gives a worse fit than standard oscillation by 2σ, Eq. (3.6) (hatched region).
Also show in the figure the bounds on these models imposed by a compilation of experiments as
labeled in the figure (see text for details).
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the figure the bounds on these models imposed by a compilation of experiments as labeled in the
figure. See text for details.
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As seen in the figure, for the model in Ref. [22], there are solutions for the Z ′ coupling
and mass for which LMA-D is allowed without conflict with bounds from other experiments
both for very light mediators as well as for an O(MeV–GeV) Z ′. More quantitatively for
ultra light mediator part of the LMA-D allowed parameter space for the model in Ref. [22]
is in conflict with the bounds from fifth force tests which impose the stronger constraints
for this model in this regime. But the LMA-D is still a viable solution for
10−13 eV ≤MZ′ ≤ 2.5× 10−9 eV (3.8)
with couplings in a very narrow band and seen in the figure, for example
g′ = (9.1± 0.2)× 10−25 for MZ′ = 10−13 eV (3.9)
and
g′ = (1.22± 0.04)× 10−20 for MZ′ = 2.5× 10−9 eV . (3.10)
In addition LMA-D is also a viable solution for this model with
5 MeV ≤MZ′ ≤ 200 MeV with g
′
MZ′
=
(4.85± 0.15)× 10−5
MeV
. (3.11)
On the contrary, as seen in the figure, the model with charge Le + 2Lµ + 2Lτ can only
provide a viable LMA-D solution without conflict with bounds from other experiments for
and ultra light mediator with MZ′ . 5× 10−12 eV.
4 Conclusions
In this work we have performed dedicated global analysis of oscillation data in the frame-
work of lepton flavor dependent U(1)′ interactions which affect the neutrino evolution in
matter. The analysis is performed for interaction lengths ranging from larger than the Sun
radius (covering what we label as LRI domain) to effective contact neutrino interactions
(NSI domain). We survey ∼ 10000 set of models characterized by the charges of the first
generation charged fermions and the three flavor neutrinos. We find that
• In the LIGHT sector of the oscillation parameter space the introduction of new in-
teractions does not lead to a significantly better fit of the oscillation data compared
to standard oscillations, irrespective of the U(1)′ coupling in either NSI or LRI do-
mains. Thus for all cases the analysis of oscillation data in the LIGHT sector results
in excluded ranges of g′ and MZ′ .
• The excluded ranges for the Z ′ coupling and mass for the models with couplings listed
in table 1 are shown in Figs. 2 and 3 for MZ′ below 1 eV and in the O(MeV–GeV)
range, respectively – i.e., below and above the window strongly disfavored by the
cosmological bound on ∆Neff.
• In the regime of ultra-light mediators, for all models shown, the oscillation analysis
improves over the bounds from tests of fifth forces and of violation of equivalence
principle and for Z ′ lighter than ∼ 10−8 eV or ∼ 10−11 eV depending on whether the
U(1)′ current involves coupling to electron lepton number.
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• For mediators in the O(MeV–GeV) range we list in table 3 the derived constraints
on g′ versus MZ′ . We find that for most of the considered models there are values of
g′ and MZ′ for which the oscillation analysis provides constraints extending beyond
those from other experiments.
• In what respects to LMA-D we find that it cannot be realized in the LRI domain.
In the NSI domain we have found that 4.8% of the set of charges studied can have a
best fit in LMA-D, and 5.2% lead to LMA-D as a valid solution within 4 units of ∆χ2
of standard oscillations. None of these set of charges correspond to an anomaly free
model based on gauging SM global symmetries with SM plus right-handed neutrinos
matter content (Eq. (2.2)). So, generically, Z ′ models for LMA-D with gauged SM
global symmetries require additional states for anomaly cancellation.
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A Bounds from non-oscillation experiments
Here we summarize the main details of the bounds shown by the colored regions in Figs. 2
and 3, as well as the procedure used to rescale them for the different models shown in each
panel.
Bounds from searches for gravitational fifth forces
Generically gravitational fifth force experiments look for deviation from the standard New-
ton potential (∝ 1/r) between two objects.
We have taken the results from Ref. [43] (which, in turn, were recasted from Fig. 10
in Ref. [44]) where they present the constraints on the coupling α5 versus the interaction
length λ (or, equivalently, versus m5 = 1λ) defined as the constant entering the potential of
the fifth force
V5(r) = α5N1N2 e
−r/λ
r
(A.1)
whereN1,2 is the total charge of each object, which they take as the total number of baryons.
In particular from Fig. 3 in [43] we read their boundary curve(
αmax5
αem
, m5
)
, (A.2)
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where αem is the SM fine structure constant. In order to rescale it to the different U(1)′
models we notice that the corresponding potential for the U(1)′ interaction for the same
objects is
V ′(r) = C1C2
g′2
4pi
e−r/λ′
r
, (A.3)
where Ci is the total Z ′ charge of object i and λ′ is the U(1)′ interaction length
λ′ =
1
MZ′
, Ci ≡ Ni
Ai
ci ≡ Ni
Ai
[Zi(ae + 2au + ad) + (Ai − Zi)(au + 2ad)] , (A.4)
where Zi and Ai are the atomic number and mass number of the material of which the
object i is made, so ci is the charge under Z ′ for each atom of the material. Assuming
that the number of protons and neutrons in the material are not very different (that is,
Ai/Zi ∼ 2), we get
V ′(r) = V5(r)× g
′2
4piα5
(ae + 3au + 3ad)
2
4
(A.5)
with m5 = MZ′ . So the boundary in the g′ vs MZ′ plane will be
(
g′max,MZ′
)
=
(
2
ae + 3au + 3ad
√
4piαem ×
√
αmax5
αem
, m5
)
. (A.6)
Bounds from searches for violation of the equivalence principle
Similarly as in the case of fifth force searches, this bound comes from precise measurements
of the gravitational potential between two objects. However, in this case one tests the
differences of the potential for the same total mass of two different test materials, using
a pendulum which is attracted by the same mass. The bounds are taken from Ref. [45],
where they define the potential due to the new force as:
VG(r) = αG
mtms
r
NˆtNˆse−r/λ . (A.7)
where G is the gravitational constant, Nˆi refers to the new interaction charge per mass unit,
and the subindices t and s stand for test (or pendulum) and source masses, respectively.
In Ref. [45] they assume that the new interaction couples to the number of baryons. Thus,
they use beryllium and titanium as test materials, chosen to maximize the difference in
baryon number per unit mass. To be specific, we use NˆBe = 0.99868 and NˆTi = 1.001077,
as in Ref. [45].
Noting that the total potential will be the sum of the standard gravitational potential
plus the contribution from the new interaction, the authors of Ref. [45] put a bound on
η = 2
VBe − VTi
VBe + VTi
∼ ∆VG(r)
Gmsmt
r
= α(NˆTi − NˆBe)Nˆse−r/λ (A.8)
which is used to set a constraint on α as a function of λ,(
αmax , λ
)
. (A.9)
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This can be used to set a bound on ∆V ′(r) for a general model, noting that
∆V ′(r) =
g′2
4pi
e−rMZ′
r
Cs(CBe − CTi)
= ∆VG(r)× g
′2/4pi
αG · u2 ×
cTi/ATi − cBe/ABe
NˆTi − NˆBe
× cs/AsNˆs
' ∆VG(r)× g
′2/4pi
αG · u2 ×
(ae + au − ad)(ae + 3au + 3ad)
144(NˆTi − NˆBe)
(A.10)
where u stands for the atomic mass unit in GeV (u ' 0.931 GeV), and in the last line we
have approximated for the source material A/Z ' 2 and Nˆs ' 1. So the boundary in the
g′ vs MZ′ plane will be
(
g′max , MZ′
)
=
√ 144(NˆTi − NˆBe)
(ae + 3au + 3ad)(ae + au − ad) 4piGu
2 ×√αmax , 1
λ
 (A.11)
Bounds from white-dwarf cooling
We based the bounds shown in Figs. 3 and 4 on the study presented in Ref. [47]. There,
upper bounds on new interactions are imposed on the basis that the energy losses from
plasmon decays into particles that escape the star is not larger than the energy losses due
to neutrino emission in the SM.
In the U(1)′ scenarios here considered the minimum new contribution is due to Z ′
mediated decays into neutrinos
Γsplasmon→νν¯,Z′ . Γsplasmon→νν¯,SM =
C2e,VG
2
F
48pi2αem
Zspi
3
s
ωs
(A.12)
where Ce,V is the vector coupling to the electron current in the SM, Zs is the plasmon
wavefunction renormalization and pis is the effective plasmon mass which enters in the
dispersion relation ω2s − k2 = pis(ωs, k). Here, s = T, L refers to the plasmon polarization
(transverse or longitudinal).
Under the assumption that the mass of the Z ′ is much larger than the frequency of the
plasmon we can write its rate into neutrinos of a given flavor β due to the new interactions
as
Γsplasmon→νβ ν¯β ,Z′ =
1
3
g′4
M4Z′
(ae bβ)
2
48pi2αem
Zspi
3
s
ωs
(A.13)
And the upper bound obtained in Ref. [47] translates into:√√√√∑
β
(ae bβ)2
3
· g
′2
M2Z′
≤ Ce,V GF = 1.12× 10−5 GeV−2 . (A.14)
Bounds from coherent neutrino-nucleus scattering
We have performed our own reanalysis of coherent neutrino-nucleus scattering data using
the time and energy information from COHERENT experiment [48, 49] on CsI based on
– 21 –
our recent analysis in Ref. [50] performed for NSI with a variety of nuclear form factors,
quenching factors and parametrization of the background. In particular the results shown
in Fig. 3 correspond to the analysis performed using the quenching factor obtained with
the fit to the calibration data of the Duke (TUNL) group [48] together with our data driven
reevaluation of the steady-state background (see Ref. [50] for details).
Model predictions are obtained exactly as in [50], but replacing the cross section for
coherent scattering in the presence of NSI with that induced by the Z ′. In particular if we
define
ε′(Q2, g′,MZ′) ≡ 1√
2GF
g′2
M2Z′ +Q
2
(A.15)
one can use the same cross section expression for NSI simply replacing:
εq,Vαβ → δαβ aq bα ε′(Q2, gX ,MZ′) (A.16)
where Q2 = 2MT is the momentum transfer. In this case, the differential cross section for
coherent scattering of a neutrino with flavor α reads:
dσα
dT
=
G2F
2pi
W 2α(Q
2, gX ,MZ′)F
2(Q2)M
(
2− MT
E2ν
)
(A.17)
where M is the mass of the nucleus, T is the nuclear recoil energy, and Eν is the incident
neutrino energy. We have defined a modified weak charge for the nucleus as:
Wα(Q
2, gX ,MZ′) = Z
[
gVp + (2au + ad) bα ε
′(Q2, gX ,MZ′)
]
+
+N
[
gVn + (au + 2ad) bα ε
′(Q2, gX ,MZ′)
]
.
(A.18)
Thus, unlike in the case of NSI, the weak charge now depends on the momentum transferred
in the process.
The construction of χ2COH(g
′,MZ′) is totally analogous to that of χ2COH(~ε) in Ref. [50].
In consistency with the condition impose when deriving the oscillation bounds the CO-
HERENT regions shown in Fig. 3 corresponds to the Z ′ coupling and mass for which the
fit to COHERENT data is worse than the one obtained in the SM by 4 units:
χ2COH(g
′,MZ′)− χ2COH,SM > 4. (A.19)
Bounds from measurements of neutrino scattering on electrons
For neutrino-electron scattering experiments TEXONO and GEMMA we performed our
own analysis following the procedure in Ref. [51] which explicitly studied the bounds im-
posed by those experiments in some Z ′ models and provide all the relevant cross section
expressions.
For TEXONO we use the data from Fig. 16 in Ref. [52]. This corresponds to 29882
(7369) kg-day of fiducial mass exposure during Reactor ON (OFF), respectively. The
adopted analysis window is 3–8 MeV, spread out uniformly over Nbin = 10 energy bins.
An overall normalization constant has been manually set to reproduce the SM prediction
shown in Fig 16 in [52]. Cross section has been implemented following [51]. With this we
get χ2SM,TEXONO = 15.87.
– 22 –
For GEMMA we take data from Fig. 8 in Ref. [53] and consider both phase I and phase
II data so we define χ2GEMMA,TOT = χ
2
GEMMA,I + χ
2
GEMMA,II This corresponds to about
12000 ON-hours and 3000 OFF-hours of active time. Data was taken for a detector mass
of 1.5 kg. The energy window used is 0.015 MeV ≤ Eν ≤ 8.0 MeV. With this procedure we
get χ2SM,GEMMA = 154.97.
For both TEXONO and GEMMA we draw the contours with the equivalent condition
used for the oscillation analysis so for a given set of model charges the contours are defined
by χ2(g′,MZ′)− χ2SM = 4.
Other constraints: fixed target experiments and colliders
As mentioned in the text, the bounds from fixed target experiments and colliders are taken
directly from the literature. In particular, we consider the following set of bounds:
• Electron beam dump experiments: we take these from the compilation in Ref. [54],
which were obtained using data from E137 [55], E141 [56], E774 [57], Orsay [58], and
KEK-PF-000 [59].
• Proton beam dump experiments: for LSND we use the results obtained in Ref. [60]
which used data from Ref. [61] (see also Ref. [62]); for CHARM [63] we use the limit
derived in Ref. [64]; finally, for ν-Cal [65] we use the lmit derived in Ref. [66] (see also
Ref. [67] for a similar analysis).
• We also consider constraints from Z ′ production in e+e− collisions in BaBaR both in
visible [68] and invisible [69] final states, as well as constraints from LHCb for U(1)′
decaying into µ+µ−, the most relevant ones being from prompt decay searches [70, 71].
All the bounds mentioned above were obtained for a dark photon coupled to the SM
fermions via kinetic mixing. In order to recast these to bounds on the different U(1)′ models
considered we have used the darkcast software [72], which takes into account the difference
in production branching ratio and lifetime of the new boson, as well as its decay into a given
final state.
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